When mechanical constraints are present, solid-state reactions often induce deviatoric inelastic strains in addition to volume change. Existing models either attribute such deformation to the plastic flow driven by the stress exceeding a non-measurable kinetic-dependent yield strength, or need to introduce a deviatoric-stress-dependent chemical potential. By employing the transformation strain to characterize the state of reaction, this letter formulates a kinetic model via averaging the reaction rate at all possible orientations. The model is illustrated through the constrained lithiation-delithiation process of silicon as an example. With just one fitting parameter, the model can quantitatively capture the experimental results. The model only hypothesizes linear kinetics, and does not need to introduce kinetic-dependent plasticity or modify basic thermodynamic quantities. This approach can also be applied to other material systems, as well as extended to the nonlinear kinetics of far-from-equilibrium reactions.
2 Solid-state reactions are seldom regarded a new topic in material synthesis, but when it comes to the strains or stresses induced by reactions, little has been explored beyond the similarities with liquid-or gas-state reactions. With the acceptance of another reactant through diffusion or other means of transportation, a solid reactant may expand in volume and/or change in shape.
The common approach of modeling such processes is to assign a stress-and kinetics-independent transformation strain to the resultant. [1] [2] [3] [4] The actual state of deformation is then calculated based on linear elasticity (or elasto-plasticity) as if the stress was applied after the reaction. Such a decoupled approach may be applicable to a reaction of which a transformation strain is clearly defined, e.g. one with a background crystalline reactant that retains its coherency throughout the process, as sketched in Figure 1a . However, this approach may be problematic if either the reactant or the resultant is amorphous, and thus the transformation strain or its orientation cannot be uniquely determined by the state of reaction. As illustrated by Figure 1b , without significantly rearranging the spatial distribution of the reactant atoms, the resultants can bear very different transformation strains, depending on the relative positions of the inserted atoms.
Variants of the resultants as those sketched in Figure 1b are chemically identical, but mechanically different if the material is stressed or constrained.
To model the deformation involved in such reactions, it has been assumed that the transformation strain of an amorphous reaction is purely volumetric, and a separate process of plastic flow generates deviatoric inelastic strain, when the equivalent stress exceeds a thresholdthe yield strength. However, the yield strength needs to be taken as composition and kinetics dependent. 3, 4 Such an assumption is perhaps originated from the description of liquid reactions, in which the state of reaction can be fully described by a scalar variable. For solid reactants, the assumption is less convincing. The plentiful observations on reactions which transform 3 crystalline solids into amorphous resultants [5] [6] [7] [8] [9] [10] [11] , and complete within atomically sharp phase boundaries 12 , may serve as counter evidences of this assumption: the amorphization would require plastic flow that is non-affine at atomic level which defies the applicability of continuum notions in the first place. It is natural to believe that such deformation takes place right at the insertion of the second reactant, instead of after the reaction. 
Although the isotropy of the material requires the volumetric strain rate to be dependent only on the electrochemical driving force and the hydrostatic stress, the deviatoric strain rate t ε  could be dependent on the deviatoric stress σ . In a simple case when the dependence is linear,
where T is a fourth rank tensor relating the two deviatoric tensors, and the repeated indices indicate a summation. The isotropy of the amorphous material requires T to contain only one scalar parameter  , and the transformation strain rate to be parallel to the stress deviator:
Although the kinetic relation (3) shares the same form as that of a Newtonian fluid, here  is not a material constant, and could be dependent on the concentration of the mobile reactant or the energetic driving force. Instead of driven by shear stresses as a viscous fluid, the transformation strain should be regarded as a part of the reaction process, and is nonzero only when the reaction is taking place. It should be noted that relations in the form of Eq. (3) also appear in most existing theories of related phenomena, 1, 3, 4, 13 but the difference lies in the 5 coefficient  and the underlying physical interpretation. For example, the similar expression in the reactive flow theory is interpreted as the plastic flow driven by a stress exceeding the yield strength. 1, 2 In some other models, the reactant chemical potential needs to be modified to include a contribution from deviatoric stress, 13, 14 and thus the scalar reaction rate (or volumetric strain rate) is also affected. In contrast to the existing theories, the current model makes no hypothesis other than linear kinetics and linear elasticity, as detailed in the following discussion.
At the atomistic scale, the resultants of solid-state reactions are seldom isotropic. In the extreme case when two atoms meet and react, the resultant group is non-spherical and always takes an orientation. For amorphous solids, atomistic studies also show that it is energetically more favorable for a group of few resultant atoms to have an orientation than to be spherical or isotropic. 15 In the absence of a directional field (e.g. electric field or stress), the orientations of different atomic groups are randomly taken and thus the average properties often exhibit macroscopic isotropy. Here we will focus on the case when non-negligible deviatoric stresses are present, so that the orientation distribution could be affected. We will use the Li-Si system as a timely example, but the methodology is generally applicable to almost all solid-state systems with amorphous reactants or resultants.
For ease of description, we imagine a group of very few Si atoms and introduce an elemental deformation gradient tensor to represent the deformation caused by reaction The free-energy landscape of the reaction is illustrated schematically by Figure 2 , whereas the actual reaction space should be three dimensional. In the absence of deviatoric stress or any other directional driving force, the energy profile is isotropic, as sketched in Figure 2a . When the material is under a non-zero deviatoric stress σ , the free energy of the resultant is orientation dependent, as sketched in Figure 2b . Here we assume the driving forces to be much lower than 
, in which   is the electrochemical driving force in the absence of stress, and l σ is the stress tensor σ transformed into the local coordinates through
. It should be pointed out that the driving force is for reaction only, 3, 4 which differs from the electrochemical potential for the migration of reactants.
The factor t det F accounts for the finite volume change during the reaction, as the energy terms are written in the reference configuration, i.e. with respect to the number of background Si atoms. After normalization, the probability density could be written explicitly as Under non-negligible deviatoric stress σ , the free energy is lowered for anisotropic reactants at particular orientations, due to the contribution from elastic strain energy.
where
is the volumetric strain due to reaction. With the aid of the probability distribution (7), we can calculate the expectation of the macroscopic inelastic strain rate due to
Substituting Eq. (7) into (8) 
As expected, the statistical analysis of the reactions in different orientations recovers the form from symmetry consideration, Eqs. (1) and (3), in which the unknown coefficient  is now given explicitly by
is the total (electro-chemo-mechanical) driving force for the reaction. The total driving force  is related to, but should not be confused with the electrochemical potential for the diffusion of reactants. It could be easier to understand it by imagining a virtual source that directly injects the reactants to the place of reaction without any 9 transportation process. 3, 4 Different from a Newtonian flow, the deviatoric strain is only activated in a reaction process, when 0  C  . On the other hand, the volumetric strain rate
or the commonly invoked isotropic reaction rate C  is independent of the deviatoric stress state. As a kinetic equation, Eq. (9) should be regarded as an extension to the commonly used linear kinetic relation of isotropic reactions. Unlike existing models which result in similar mathematical forms from different asumptions, 13 Eq. (9) is only a consequence of linear kinetics and no modification on any thermodynamic quantities (e.g. the chemical potential) is needed. In the extreme case of an equilibrium or quasi-static state, the model would have no effect over that governs by thermodynamics. To complete the mathematical formulation, a stress-strain relation of linear elasticity (or elasto-plasticity) is needed in addition to Eq. (9).
In the case when  is not explicitly rate dependent, Eq. 
Furthermore, if the kinetics of the system is limited by a constant reaction rate (e.g. during galvanostatic lithiation of silicon), the total driving force  may be regarded as constant. As neither  nor  could be directly measured, it is more convenient to leave the ratio  , the lateral stress component
where E is Young's modulus and  Poisson's ratio. Combining Eqs. (11) and (12), we arrive at the differential equation for
In the case of small volumetric strain, 1 v   , this simple dynamic system has an attractor at (Figure 4a ). Moreover, we suggest measurements to be carried out over a small lithiation-delithiation cycle, in which the composition change is so small that the resultant stress is much lower than the plateau level of a complete cycle. As shown in Figure 4b , the current model predicts a stress-composition hysteresis loop that gradually shifts in stress values, due to the reaction-induced deviatoric deformation. In contrast, in the absence of plastic flow, the reactive flow model simply predicts overlapping lithiation and delithiation curves (or straight lines), and no shift (or relaxation) in subsequent cycles. Once this prediction is verified, such experiments can be used to determine some of the composition-dependent parameters or kinetic parameters, so that no fitting parameter will be needed in the model, and more accurate prediction could be achieved. Some further experiments have been suggested to validate the current model and distinguish it from existing reactive flow theories. We are eagerly waiting for experimental verifications. 
15
Although Li-Si is used as a sample system here to illustrate the theory, it is believe that the current model can also be applied to other material systems of amorphous solid-state reactions, especially those with large volumetric changes or under large deviatoric stresses. The current approach may be further extended to model the nonlinear kinetics of far-from equilibrium reactions, although the resulting kinetic relations is expected to be more complex than that given herein.
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